1994). For example, a number of genes involved in neuronal
In this study, we present the first extensive behavioralfunctions both in the hypothalamus and cortex of mice genetic characterization of AMI in Drosophila. We show have altered expression upon aging (Jiang et al., 2001) .
that AMI results from memory defects very similar to It is difficult, however, to test whether mutations in these those found in amn MTM mutants. Besides memory genes affect AMI, because the mouse lifespan exceeds processing, the amn gene product has been shown to 600 days. In contrast, the fruit fly, Drosophila melanoregulate ethanol sensitivity via the cAMP signaling pathgaster, has a short lifespan and is highly suited for geway (Moore et al., 1998) cisely, we generated memory retention curves for flies of 1, 10, 20, 30, and 50 days of age. As shown in Figure  2D , the memory retention curve of 20-day-old flies is Results similar to that of 1-day-old amn mutants, with a significant reduction in 1 hr memory but not much reduction Memory Retention in Aged Flies in 0 and 7 hr memory. This similarity becomes much In our experimental conditions, the average lifespan of clearer in older flies such as 50-day-olds. wild-type flies is 48 days after eclosion. The premortality Apparent defects in learning and memory may be obplateau phase, in which less than 10% mortality occurs, served using this olfactory conditioning procedure if flies encompasses the first 22 days, and the maximum lifeare defective for task-related skills, including olfactory span, measured when 90% mortality has occurred, is acuity and shock reactivity. As shown in Table 1 , 10-74 days ( Figure 1A ). To evaluate olfactory memory retenday-old flies showed normal olfactory avoidance at the tion in aged flies, we first examined 0, 1, and 7 hr memory odor concentrations used for training and testing (10 0 ) after a single-cycle training session in flies of 1, 10, 20 and also at 10-fold lower concentrations (10 Ϫ1 ). Like-(near the end of the premortality plateau phase), 30, and wise, they showed normal shock reactivity at the voltage 50 (around average lifespan) days of age. We found used for olfactory conditioning (60 V) as well as at a lower a statistically significant but slight impairment in 0 hr voltage (20 V). These results reveal that the performance memory that first appeared in 10-day-old flies (Figure defect in 0 hr memory in 10-day-old flies cannot be 2A). This impairment did not progress further during aging, however. We did not find any significant changes explained by a reduction in the perception of, or re-
Figure 2. Age-Related Changes in Memory Retention
(A-C) Age-related changes in 0 hr (A), 1 hr (B), and 7 hr (C) memory. The slight impairment in 0 hr memory that appeared in 10-day-old flies did not progress further during aging (A). In contrast, the impairment of 1 hr memory, which appeared in 20-day-old flies, increased upon aging (B). PI scores of 50-day-old flies for 1 hr memory were significantly lower than those of 20-day-old flies (p Ͻ 0.01 by t test). Significant changes in 7 hr memory were not observed during aging (C). (D) Age-related changes in memory retention curves. Memory retention curves of 20-dayold and older wild-type flies show characteristics similar to those observed in amn mutants; minimal effects for 0 and 7 hr memory, but memory between these time points is significantly impaired. n ϭ 6-14 for all groups. Error bars in all figures in this paper indicate SEM. **p Ͻ 0.001 when comparing to 1-dayold flies using the t test. shown). Therefore, as reported for fasII mutants, these Memory at 1 hr can be separated into two compomemory in the absence of cold shock can be quantified at about 45 PI units. When a cold shock is given at 2 hr nents, an anesthesia-sensitive memory (ASM) component, consisting of STM and MTM, and an anesthesiaafter training, ARM has reached an asymptotic level of 27 PI units, which is 60% of normal 3 hr memory. In resistant memory (ARM) component. In flies as well as other organisms, newly formed memories are initially amn 28A mutants, maximal ARM levels are the same as maximal ARM levels in young wild-type flies. Memory unstable and can be disrupted by administration of amnesia-inducing treatment, such as cold shock anesthein the absence of cold shock, however, remains the same as memory in the presence of a cold shock at 2 sia. This initially labile ASM is eventually consolidated into a more stable, cold shock-resistant, ARM. In wildhr. This indicates that the main component of ASM present at 2 hr posttraining consists of amn-dependent type flies, ARM forms gradually over the first 2 hr after training, after which it has reached maximal levels. Dur-MTM. 20-day-old wild-type flies behave identically to amn 28A mutants in that maximal ARM levels remain the ing this time, there is a concomitant decrease in ASM. Previously, it has been reported that amn mutants are same as young wild-type flies while anesthesia-sensitive amn-dependent MTM is absent (no differences between defective for MTM, the primary form of ASM present between 1 and 2 hr after training (Tully et al., 1990) .
3 hr memory with and without cold shock).
We next compared the rates of ARM formation beThus, we wanted to determine whether defects in 1 hr memory present in old flies consisted of defects in tween 1-day-old, 20-day-old, and amn 28A flies. Although maximal levels of ARM did not differ among all flies, anesthesia-sensitive MTM or in consolidation to ARM.
ARM can be measured directly in "retrograde amnesia ARM at 20 min, 30 min, and 1 hr after training was significantly lower in amn mutants than in 1-day-old experiments," in which 3 hr memory after one training session is quantified in flies subjected to a 10 min cold wild-type flies (p Ͻ 0.05 by t test, Figure 4B ). Importantly, these lower ARM scores at these time points were also shock at various times after training (Folkers et al., 1993; Quinn and Dudai, 1976; Tully et al., 1990 Tully et al., , 1994 . When observed in 20-day-old wild-type flies, and curves plotting ARM formation in 20-day-old wild-type flies and the cold shock is given at time points soon after training, memory is severely disrupted, because most of the memamn mutants are indistinguishable. Thus, although neither mutations in amn nor aging alters maximum level ory at this time is ASM. As a consequence, 3 hr memory is low. However, as the time interval between training of ARM, they equally lower the rate of ARM formation, suggesting a linkage between AMI and a decrease in and cold shock increases, memory becomes more resistant to cold shock, reflecting the time-dependent conamn-dependent memory. The observation that robust ARM is formed in amn solidation of ASM to ARM. Therefore, 3 hr memory increases as the cold shock is administered at later times mutants and aged wild-type flies, suggests that ARM can be produced, albeit with slower kinetics, in the aband reaches an asymptotic maximum level within 2 hr after training (see Figure 4B) . In retrograde amnesia exsence of MTM. This further suggests that ARM may be produced from an earlier form of memory such as STM periments, we compared the formation of ARM in young (1-day-old) and aged (20-day-old) wild-type flies and while MTM facilitates ARM formation. young (1-day-old) amn mutants. We used 20-day-old flies since they showed significant AMI, measured as Genetic Dissection of AMI with Memory Mutants Because of the extreme similarity in memory perforreduction in 1 hr memory, and their memory retention curve was qualitatively similar to that of amn mutants.
mance between aged wild-type flies and amn mutants, we hypothesized that aging results in a specific reducAs seen in Figure 4A , in young wild-type flies, 3 hr , and amn 1 ) was not significantly different from that in young amn flies even at 50 days of age. Notably, while both 1-day-old amn and lat mutants had comparable 1 hr memory, 20-day-old lat but not amn mutants revealed significant AMI. In addition to amn, we did not observe significant differences in PI scores between 1 day and 20 day in rutabaga (rut Figure 7F ). These results suggest that although the memory pathway mutated in amn flies is important for aging, since the amn gene product is predominantly expressed in these cells (Waddell et al., 2000) . If DPM AMI, it is probably not alteration in the expression of the amn gene itself that leads to AMI. Thus, amn is cells are unusually sensitive to age-associated cell death, they may be selectively lost during aging, renecessary for the memory pathways involved in AMI but is not by itself sufficient to prevent AMI. sulting in AMI. However, mCD8-GFP expression in DPM cells (using the c316-Gal4 driver line) shows that DPM cells grew significantly upon aging ( Figures 7A and 7B , Discussion n ϭ 9 and 15, respectively). In agreement with previous reports (Waddell et al., 2000) , volume rendering from Although Drosophila is known to be an excellent model for genetic studies, it has not been well studied for AMI. stacks of confocal images of brains from 2-day-old (young) and 20-day-old (aged) flies shows that DPM In a previous study, a significant age-related decay in courtship learning was observed in mutants of the kycells innervate all lobes of the ipsilateral MB but not the calyx or peduncle. In aged flies, DPM cells had signifinurenine pathway upon aging. However, this was not observed in wild-type flies (Savvateeva et al., 1999, cantly more arborizations than in young flies, leading to an increase in MB lobe size. The presynaptic feature of 2000). In the current study, we observe significant AMI in wild-type flies for Pavlovian olfactory memory. Initially, a DPM fibers in the MBs was also demonstrated by using n-syb-GFP, the presynaptic vesicle-specific neuronal performance deficit appears immediately after training in 10-day-old flies. This effect is slight, however, and synaptobrevin protein fused to GFP, as a reporter (Ito et al., 1998). We find that n-syb-GFP is expressed more does not increase upon further aging, suggesting a minor contribution to AMI (Figure 2A ). In contrast, the disin MB lobes of aged flies ( Figure 7D , n ϭ 5) rather than in young flies ( Figure 7C, n ϭ 9) , suggesting that synaptic ruption of 1 hr memory in flies 20 days old and older is much more severe ( Figure 2B ). In temporal dynamics connections between DPM cells and MB cells increase as flies age. Since DPM cells are not lost, we next examand magnitude, this type of disruption is similar to that observed in amn mutants ( Figure 2D ), suggesting a linkrut-AC activation in the MB lobes to process olfactory age between AMI and amn-dependent memory.
memory. Notably, expression of the amn ϩ transgene Since 1-day-old amn flies already resemble aged flies, predominantly in DPM cells was sufficient to restore it is possible that amn flies age prematurely. However, AMI to similar levels to wild-type. Taken together, we we have not observed any shortening of average lifepropose that amn-dependent processing of MTM, probspan, but rather we have seen an extension of lifespan ably involving signaling between DPM cells and MB (M.S., J.H., and N.I., unpublished observations) . Given lobes via cAMP, is important in young flies and decays the behavioral similarities between amn and aged flies at 20 days of age, leading to AMI. and the absence of AMI in amn flies (Figure 5) , it is likely Similar to the situation in Drosophila, PACAP, the puthat AMI is neither a general nor nonspecific disruption tative homolog to the amn gene product in mammals, of memory processing upon aging, but rather a disruphas been shown to be critical for memory retention in tion of a specific phase of memory formation or its un- ter. J. Neurogenet. 9, 1-14.
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